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Summary

Fuel combustion for process energy causes 
greenhouse gas emissions from oil refineries, 
and lower-quality oil requires more intensive 
processing and more energy.  This analysis 
compares process intensity and energy with oil 
input quality across U.S. refining districts dur-
ing 2003-2007.  Refining heavier and higher-
sulfur oil can explain 93% of the differences in 
processing intensity and 91% of the differenc-
es in energy consumed between districts and 
years.  Other oil quality factors might explain 
some of the remaining differences in energy 
consumed.  Product slates do not explain the 
observed impacts of oil quality on energy con-
sumed.  As oil input quality worsened across 
districts, energy consumed increased by 47% 
(from 522,000-770,000 Btu/b v. 138-143 kg/b 
gravity+sulfur).  This rate of increase suggests 
that a switch to heavy oil or tar sands could 
double or triple greenhouse gas emissions 
from U.S. oil refineries.  Limiting the worsen-
ing quality of refinery oil inputs is critical to 
our environmental health.

Purpose and scope

Petroleum energy is the largest GHG polluter 
in the U.S., accounting for roughly 40% of 
total emissions. (1)  However, some crude oils 
are fundamentally different from others, and 
making them into gasoline and other transport 
fuels entails substantially different energy and 
environmental costs. (2)  California officials 
identify this potential for increased energy 
costs and resulting increased emissions from 
using lower quality oil but have not yet es-
timated those refinery emissions. (3)  U.S. 
EPA has not estimated those emissions.  U.C. 
Berkeley researchers estimated that a switch 
to heavy and natural bitumen (“tar sands”) oils 
might double GHG emissions from oil produc-
tion and refining for gasoline. (4)  CBE showed 
that refining higher-sulfur crude has increased
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GHG emissions from steam reforming to feed 
hydroprocessing by California refiners, and 
worsening crude input quality could double or 
triple emissions from this one refinery process 
by 2020. (5)  Here we make a preliminary es-
timate for all refining processes.  This analysis 
uses reported differences between U.S. refining 
districts in processing, fuel consumed, and oil 
input quality to estimate current and potential 
GHG emissions from fuel combustion energy 
for refining lower-quality oil.

Data, limitations and methods

Table 1 shows refinery crude input capacities in 
the five U.S. Petroleum Administration Defense 
districts (PADDs, or districts).  Comparable 
data on the gravity and sulfur content of crude 
oil inputs, process capacities, fuels consumed 
in refineries and product yields are reported for 
each district on an annual basis by the U.S. EIA 
and Oil & Gas Journal. (6, 7)  These data, and 
fuel energy units conversions, are shown in the 
Appendix.  Crude input quality varies between 
districts. (8)  We compare these data for 2003 
through 2007 to assess the increase in fuel con-



sumed for processing lower-quality oil.  Fuel 
combustion for process energy causes the vast 
majority of refinery GHG emissions (9), so 
energy use is a measure of these emissions.

Oil quality  Gravity (mass/barrel) indicates 
the abundance of denser, higher boiling-point, 
larger hydrocarbons in a crude oil.  Heavier 
oils have more of these denser compounds, 
which require distillation in a vacuum, and 
cracking to break them into smaller motor fuel-
size compounds.  Severe cracking such as cok-
ing is needed to make the heavier streams from 
vacuum distillation into high-value fuels such 
as gasoline.  This requires more energy.

Sulfur is the major refinery process poison 
in crude oil by mass.  In addition to produc-
ing corrosive acids in processing and causing 
flaring and other toxic refinery and tailpipe 
emissions, sulfur deactivates catalysts used in 
certain refining processes.  Higher-sulfur oil 
requires more intensive hydroprocessing to 
remove the additional sulfur from the oil fed to 
those processes.  This requires more energy. 

Sulfur concentrates in the larger hydrocarbons 
that are abundant in heavier crude oils. (2)  
This means that sulfur tends to be both higher 
and more variable in heavier oils.  See Figure 1.  

Crude gravity and sulfur content also inter-
act to cause a greater-than-additive impact 
on processing intensity.  Both hydrogen and 
cracking are required to break open the larger 
hydrocarbons and remove the sulfur trapped in 
them from the oil.  This hydrocracking requires 
higher pressure, and several times more hydro-
gen/barrel than does sulfur removal from light-
er oils. (11)  The amount of this more intensive 
hydroprocessing that is required increases as 
refiners process heavier and/or higher-sulfur 
crude oils.  For example, California refineries 
used nearly three times as much hydrogen to 
process heavier gas oil and residua streams as 
they used to process lighter distillates, naphtha 
and gasoline in 2007. (5)  In these comparisons
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with processing intensity and energy, gravity-
sulfur interactions are addressed by adding the 
mass of sulfur in the crude to its gravity.  This 
gravity-plus-sulfur value weights changes in 
sulfur content twice as heavily as changes in 
whole crude gravity (because sulfur is already 
included in crude gravity measurements).  That 
weighting may be conservative based on data 
from California. (5)  However, process inten-
sities and oil input qualities in other refining 
districts differ from those in California, and 
regression analysis suggests that this gravity-
plus-sulfur weighting best fits the distribution 
of nationwide refinery data during 2003-2007.

Other crude oil properties are not reported 
for oil inputs to U.S. refining districts.  Since 
gravity predicts abundance of denser hydro-
carbons in the oils, the most important refinery 
energy question posed by this limitation in the 
data involves levels of other powerful catalyst 
poisons—nitrogen, vanadium and nickel—in 
the crude inputs to these refining districts.  

Nitrogen, vanadium and nickel are at much 
lower levels than sulfur in crude (10), but they
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Figure 1.  Sulfur v. gravity in crude oils 

From publicly reported petroleum quality data com- 
piled by CBE (Ref. 10).  All oils in the compilation 
with gravity and sulfur data are shown.   
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are similarly concentrated in heavier oils (2), 
and the levels of these contaminants tend to be 
higher and more variable as gravity-plus-sulfur 
increases in crude oils.  See Figure 2.   These 
observations suggest that gravity+sulfur is a 
predictor of energy-consuming process poi-
sons in mixtures of many crude oils.  A mix of 
oils from at least 20 countries was processed 
during 2003-2007 in each district but one. (6)  
The exception is Rocky Mountain District 4, 
where roughly half of the crude processed was 
from Canada. (6)  Canadian oils have high 
vanadium and nickel relative to their gravity 
and sulfur. (10)  Gravity and sulfur may not 
account for the full impact of unreported oil 
quality factors on process energy in District 4.

Energy intensity  This analysis measures 
energy intensity as total refinery energy con-
sumption per barrel of crude input.  EIA 
reports fuels consumed in refineries except 
for those used to make hydrogen for hydro-
processing. (6, 12)  Hydrogen production data 
based on 90% utilization of capacity from Oil 
& Gas Journal (7), and hydrogen steam meth-
ane reforming data for 100% natural gas fuel 
from DOE (13) are used to estimate energy use 
for hydrogen.  Ninety percent utilization is a 
standard default assumption. (7)  The natural 
gas fuel assumption is conservative.  The data, 
and factors used to convert fuel energy into 
common units, are shown in the Appendix.

Process intensity  Oil quality impacts on 
processing can be identified to check that ob-
served differences in energy consumption are 
from refining lower quality oil.  This analysis 
uses process capacities in barrels/calendar day 
from Oil & Gas Journal (7) because EIA does 
not report actual or estimated (b/cd) usage 
rates for every process. (6)  Review of these 
data reveals a greater range of capacities for 
processes needed to run lower quality oil.  On 
a per barrel of crude capacity basis, coking 
capacity ranges nearly threefold, and hydro-
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Each chart uses the same gravity-plus-sulfur scale. 
From publicly reported petroleum quality data comp-
iled by CBE (Ref. 10).  All oils in the compilation with 
gravity, sulfur, and either N, Ni or V data, are shown.   
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Figure 2.  Nitrogen, nickel and vanadium 
    v. gravity and sulfur in crude oils 
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cracking capacity ranges sixfold, between dis-
tricts.  See Figure 3.  Districts 3 and 5 have the 
most vacuum distillation, coking and hydroc-
racking capacity.  Consistent with this result, 
districts 3 and 5 have the lowest-quality crude 
inputs among the U.S. refining districts. (6)     

High catalytic cracking capacity in East Coast 
District 1 is offset by low coking and hydro-
cracking capacities in that district.  This il-
lustrates a need to consider the total capacity 
for lower-quality oil.  Here, process intensity 
is measured as total vacuum+cracking capac-
ity per barrel of atmospheric crude distillation 
capacity, in barrels per calendar day. 

Product slates  Gasoline and distillate fuels 
are more than two-thirds of total products in 
each district (6), but the amounts of refiners’ 
ancillary products and byproducts vary widely.  
Chart b in Figure 3 illustrates this variability in 
jet fuel, coke, residual fuel oil, asphalt and pet-
rochemical feedstock yields between refining 
districts.  Changes in the quality of feedstock, 
the amounts of products made from it, and the 
energy needed to make the products are inter-
twined.  For example, districts 3 and 5, which 
run lower quality oil, have more coking and 
make more petroleum coke, while the other 
districts produce more asphalt.  See Figure 3.

Making these different products consumes dif-
ferent amounts of energy.  Product efficiency 
factors (12, 14) and product yields (6) can be 
used to predict differences in energy consump-
tion from the different product slates of the 
refining districts.  Since the product efficiency 
factors are calculated for the average U.S. 
refinery and crude quality (12, 14, 15), this ex-
ercise can serve as a check on how differences 
in product slates might affect refinery energy 
independently from oil quality.  Yields used 
for this calculation are shown in the Appendix, 
and the product efficiency factors used are 
shown in Table 2.  Results show that different 
product slates explain less than 15% of the dif-
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Figure 3.  Process configuration and products
   differences between refining districts 
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ferences in energy use observed from refinery 
fuels consumed.  Further, energy use predicted 
based on product slates decreases as observed 
energy use, process intensity and oil input 
gravity+sulfur increase.  At least in this data 
set, different product slates cannot explain 
increasing energy use for lower-quality oil.

Energy v. process intensity  In refining districts 
1, 2, 3 and 5, gravity+sulfur is expected to pre-
dict vacuum distillation and cracking process 
energy for the diverse mix of oils refined based 
on the oil quality data assessment above.  Re-
finery energy intensity increases with increas-
ing process intensity across these districts.  See 
Figure 4.  Across districts 1, 2, 3 and 5, energy 
intensity is positively associated with process 
intensity, this association is statistically signifi-
cant (p < 0.001), and process intensity can ex-
plain 93% of the variability in energy intensity 
between districts and years (R-squared = 0.93).   

In contrast, oil quality data suggest impacts 
from unreported oil quality factors in the 
uniquely non-diverse District 4 oil input, and 
District 4 appears unique in Figure 4.  Its 
energy intensity is high relative to that of some 
other districts with similar or greater vacuum 
distillation and cracking capacities/b crude.  
This suggests other oil quality factors, perhaps 
metals that increase hydrogen demand (20) and 
thus energy requirements to make that hydro-
gen in the case of District 4, might explain 
some of the variability in energy intensity 
observed during 2003-2007.  These observa-
tions confirm the limitation in District 4 data 
suggested by the oil quality data assessment.     

Overall, available data for refining districts 1, 
2, 3 and 5 support analysis relating oil input 
quality (gravity+sulfur) to process intensity 
(vacuum+cracking) and observed energy inten-
sity based on fuels consumed, to estimate GHG 
combustion emissions.  These four districts 
account for 96% of U.S. refining capacity.
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of crude to atm. distillation. Process intensity is the sum of
vacuum distillation, thermal cracking, cat-cracking and hyd-
rocracking (vacuum+cracking) capacities/b atm. distillation
capacity, in barrels/calendar day.  Data from Refs. 6, 7.   
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Energy and oil input quality 2003-2007

Figure 5 illustrates results of this analysis.   
The top chart shows the weighted average pro-
cessing intensity and crude input quality for all 
refineries in each of four U.S. refining districts 
for each year from 2003 through 2007.  Dis-
tricts 1, and 2 refined relatively higher-quality 
oil, had lower process intensities, and cluster 
in the lower left of this chart.  District 5 re-
fined lower-quality oil, had a higher processing 
intensity and clusters at the upper right of the 
chart.  District 3 is in between these extremes 
in its oil input quality, its processing intensity 
and its position on the chart.

Process intensity increases strongly as the 
quality of oil refined worsens.  Process inten-
sity is positively associated with refinery crude 
input gravity-plus-sulfur, this association is 
statistically significant (p < 0.001), and oil 
input quality can explain 93% of the variability 
in process intensity between refining districts 
and years (R-squared = 0.93).  

The bottom chart in Figure 4 shows the 
weighted average energy consumed per bar-
rel of crude refined and crude input quality for 
all refineries in each of the four districts for 
each year from 2003-2007.  This chart reveals 
the same pattern for energy consumption that 
is observed among the districts for process 
intensity.  Districts 1 and 2 are clustered at the 
lower left, District 5 is at the upper right, and 
District 3 is in between these extremes, on both 
charts in Figure 4.

Refinery energy intensity increases strongly as 
the quality of oil refined worsens.  Energy con-
sumed per barrel of crude refined is positively 
associated with refinery crude input gravity-
plus-sulfur, this association is statistically 
significant (p < 0.001), and oil input quality 
can explain 91% of the variability in energy 
consumed/barrel between refining districts and 
years (R-squared = 0.91).  Average refinery 
energy consumed increases by 47%, from
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per barrel of atmospheric crude distillation capacity,
in barrels/calendar day. Energy consumed is total
fuel energy consumed by refineries per barrel of
crude input to atm. distillation. Gravity-plus-sulfur
is the total mass of the crude plus the mass of the
sulfur present in the crude oil input to refineries. 
Data from refs. 6, 7 for PADDs 1, 2, 3 & 5. See Ap-
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approximately 522,000 to 770,000 British 
thermal units/barrel crude refined, as oil input 
gravity-plus-sulfur rises from 138 to 143 kg/b. 

Prediction for lower-quality oil

Figure 6 shows a prediction of the increase in 
energy required for refining lower-quality oil 
based on the increase in energy intensity with 
sulfur+gravity in four U.S. refining districts 
during 2003-2007.  These 2003-7 data appear 
in the lower left of this chart.  The much higher 
average gravity and sulfur of heavy oil (10-20º 
API, as defined by USGS) and especially bitu-
men (e.g., tar sands; < 10º API; see Ref. 2) is 
reflected in their positions far to the right of the 
2003-7 refinery oil inputs on this chart.  Oils 
and blends listed on the chart are examples of

potential low-quality inputs.  Dashed lines 
show the 95% confidence limits of the predic-
tion based on analysis of district 1, 2, 3 and 5 
data for 2003-7 (45,959-62,792 Btu/b increase 
for each 1 kg/b increase in gravity+sulfur; R-
squared = 0.91, p < 0.001).  

This predicts a range of increasing energy 
intensity that could occur if (and when) in-
creasingly lower-quality oil is processed.  As 
compared with the 2003-7 U.S. average of 639 
MBtu/b, the energy intensity of oil processing 
could increase by 23-49% if Arabian Heavy is 
refined.  It could increase by 60-98% if a 20% 
heavy oil, 20% bitumen, 60% current aver-
age U.S. oil input is refined.  It could increase 
by 93-140% if a 30/30/40 HO/Bit/Current oil 
blend is refined.  If refiners switch to a 50/50 

Figure 6.  Processing energy intensity predicted from a switch to lower quality oil 

Observed for one district and year 2003-2007

Based on 95% confidence from regression analysis of U.S. refining districts 1, 2, 3 and 5 data for 2003-2007 (45,959 
to 62,792 Btu/b increase for each 1 kg increase in gravity+sulfur; R-squared = 0.91 and p < 0.001; data shown in the
Appendix) and oil quality data for potential future oil inputs to processing from Refs. 2 and 10.  Heavy oil, as defined
by USGS, has an average gravity of 152.2 kg/b and averages 2.9% sulfur, and natural bitumen has an average grav-
ity of 164.3 kg/b and averages 4.4% sulfur (Ref. 2).  Arabian Heavy has an average gravity of 141.0 kg/b and 2.9% 
sulfur (Ref. 10).  Potential oil inputs and blends shown are examples for reference; many different blends are possible.   
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heavy oil/bitumen blend, process energy 
intensity could increase by 160-230%.  Oil 
blends in this spectrum could increase energy 
intensity by amounts within this total range.  
GHG (CO2e) emissions could increase propor-
tionately as more of the same fuels are burned 
to supply this energy.  A dirtier fuel mix may 
result from combustion of the additional gases, 
coke and residual oil byproducts of lower-
quality oil processing as refinery fuel.  For 
purposes of this preliminary prediction, how-
ever, a constant fuel mix is assumed.  Emis-
sion locations could include current and new 
refineries, and initial refining near bitumen 
extraction sites.  Figure 7 shows this prediction 
for average emissions from refineries.

Discussion

These findings appear consistent with previ-
ous work that predicted GHG emissions from 
extraction and refining of extra-heavy and 
tar sands oils could increase by 66-182% (4), 
and emissions from steam reforming to feed 
refining of higher-sulfur crude could double or 
triple. (5)  Here, observations across the U.S. 
refining industry link oil quality-driven energy 
to its processing mechanism quantitatively, 
allowing a more precise prediction of GHG 
emissions from refining lower-quality oils.   
To our knowledge this is the first report of that 
quantitative link across U.S. refining districts.  

Climate implications  From the well to the 
refinery, gas station and internal combustion 
engine, to the pavement using more than 
40,000 square miles of U.S. land (19), oil is 
more deeply entrenched than the other major 
GHG emitters. (17)  Lower-quality oil might 
supply 100% of current U.S. refining capacity 
for hundreds of years.  See Figure 8.  A cumu-
lative impact stems from this vast untapped 
potential and the huge investment in different 
extraction and refining equipment to tap this 
fundamentally different oil. (2, 8, 11, 16, 20)

Refinery GHG emissions from dirty crude

a Total original oil in place including discovered oil (87%) and 
prospective additional oil (13%). Less than 2% of this heavy oil 
and bitumen has been consumed to date.  Data from Ref. 2.  
b Total US refinery capacity in 2009 from Ref. 7.    
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Heavy oil (10-20º API)a  Natural bitumen (<10º API)a  

Billions of barrels  

a U.S. East Coast Refining District-1; b Midwest Dist-  
rict-2; c Gulf Coast District-3; d West Coast District-5. 
Emissions based on average oil quality-related 
energy intensities observed or predicted (see Fig. 6), 
the average U.S. refinery fuel mix, and fuel emission 
factors from Ref. 18. See Appendix for data.      

Figure 7.  GHG emissions increase from  
    refining lower-quality crude oil 
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Oil input quality caps  Limiting the worsen-
ing quality of refinery oil inputs is critical to 
our environmental health.  The analysis above 
indicates that limiting the gravity and sulfur 
content of refinery oil inputs could prevent 
91% of the increased GHG emissions from 
refining lower-quality oil—on average.

But real-world changes in refinery feedstock 
involve oil sourcing and retooling actions at 
individual plants.  Crude gravity and sulfur 
predict refinery energy intensity less reliably in 
the smallest U.S. refining district with the least 
diverse oil input: individual plants may process 
still less diverse blends of oils.  Comparisons

Exploiting the next generation of lower-quality 
oil means increased extraction and refining 
emissions and retrenchment of oil infrastruc-
ture, which allows blending other liquids into 
the gasoline burned but stunts growth of non-
combustion alternatives.†  Table 3 illustrates 
some consequences of this cumulative impact.  

Lower-quality oil emissions are represented by 
the +25% and +100% increase scenarios for 
oil-based fuel production in Table 3.  These are 
within the range of emissions predicted above.  
Impacts from entrenched reliance on a “new” 
oil resource and its associated liquid-fuel 
transportation infrastructure are represented 
by a slower shift from oil-based fuels that are 
replaced by combustion of other liquid fuels.  
The 10% slower pace than IPCC goals is con-
sistent with current policy proposed in Califor-
nia. (3)  Emissions from oil-fuels replaced are 
based on blending of ethanol into the gasoline 
stream and conservative impact assumptions.  

Heroic emissions reduction efforts by other 
sources might compensate for increased GHG 
emissions from lower-quality oil through 
2020, but even if 70% of all oil used in 2020 is 
replaced by 2050, further emission reductions 
from these other sources cannot compensate 
for using dirtier oil and burning liquid replace-
ment fuels in 2050.  See Table 3.  This is con-
sistent with previous warnings that low-quality 
oil could thwart climate protection. (4, 5, 8)

A switch to lower-quality oil could result in 
the failure to achieve total emission reductions 
believed necessary to prevent severe climate 
disruption.  Meanwhile, toxic emissions from 
refining that oil could increase in even greater 
proportions than GHG emissions (8), worsen-
ing already serious environmental health risks 
in the disproptionately exposed communities 
near oil refineries.  

Refinery GHG emissions from dirty crude

† Plug-in hybrid and electric vehicles using solar or 
wind energy, pedestrian communities and free access to 
public transit compete with oil’s dominant liquid fuel 
combustion infrastructure for money and use of land.
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Appendix  (Tables 4-9)

Refinery GHG emissions from dirty crude

Table 4. Gross input to atmospheric crude oil distillation units

Data from U.S. Energy Information Administration (EIA), 2009.

Data in thousands of barrels per day

Year U.S. PADD 1 PADD 2 PADD 3 PADD 4 PADD 5

2003 15,508 1,584 3,224 7,297 531 2,872

2004 15,783 1,570 3,301 7,494 557 2,861

2005 15,578 1,599 3,314 7,204 562 2,899

2006 15,602 1,486 3,309 7,375 557 2,874

2007 15,450 1,473 3,238 7,402 546 2,791

Table 5. API gravity, weighted average refinery crude input qualities

Data from U.S. Energy Information Administration (EIA), 2009.

Data in degrees API

Year U.S. PADD 1 PADD 2 PADD 3 PADD 4 PADD 5

2003 30.61 32.38 32.50 30.31 32.80 27.65

2004 30.18 32.00 31.96 29.70 32.54 27.69

2005 30.20 32.39 31.96 29.66 32.48 27.67

2006 30.44 32.25 32.00 30.09 32.94 27.91

2007 30.42 32.21 32.26 29.85 32.58 28.29

Table 6. Sulfur content, weighted average refinery crude oil input qualities

Data from U.S. Energy Information Administration (EIA), 2009.

Data in percent weight

Year U.S. PADD 1 PADD 2 PADD 3 PADD 4 PADD 5

2003 1.43 0.86 1.35 1.65 1.45 1.23

2004 1.43 0.90 1.37 1.64 1.35 1.26

2005 1.42 0.83 1.38 1.64 1.30 1.28

2006 1.41 0.83 1.34 1.64 1.32 1.23

2007 1.43 0.84 1.37 1.65 1.36 1.25
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